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HIGHLIGHTS 


►  Using  a  highly  conductive  ESB,  the  LSM  cathode/electrolyte  interface  is  functionally  modified. 

►  Cathodic  polarization  with  an  ESB  layer  is  reduced  by  60%  due  to  enhanced  oxygen  incorporation. 

►  The  maximum  power  density  of  a  SOFC  using  this  modification  is  over  1  W  cm-2  at  650  °C. 

►  The  SOFC  shows  a  stable  performance  for  -200  h. 
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The  performance  of  conventional  La0.8oSr0.2oMn03_5  (LSM)  cathodes  was  dramatically  improved  using 
a  highly  conductive  Ero.4Bi1.6O3  (ESB)  phase.  ESB  was  utilized  not  only  as  the  ion-conducting  phase  in  the 
LSM— ESB  cathode,  but  also  as  an  electrolyte  coupled  to  the  LSM— ESB  cathode.  The  electrode  area  specific 
resistance  (ASR)  measured  from  a  symmetric  cell  consisting  of  LSM— ESB  electrodes  on  an  ESB  electrolyte 
was  only  0.43  Q  cm2  at  600  °C,  which  is  -60%  lower  than  that  of  identical  LSM-ESB  cathodes  on 
Gdo.1Ceo.9O1.95  (GDC)  electrolytes  (1.11  Q  cm2).  Deconvolution  of  the  impedance  spectra  reveals  that  this 
significantly  smaller  cathode  ASR  with  an  ESB  electrolyte  is  due  to  a  higher  rate  of  oxygen  incorporation 
at  the  cathode/ESB  electrolyte  interface.  The  maximum  power  density  (MPD)  of  an  anode-supported 
solid  oxide  fuel  cell  (SOFC)  with  an  LSM-ESB  cathode  on  an  ESB|GDC  bilayered  electrolyte  reached 
- 1013  mW  cm-2  at  650  °C.  The  measured  MPDs  at  low  temperatures,  from  450  to  650  °C,  are  to  date  the 
highest  reported  values  for  SOFCs  using  LSM-based  composite  cathodes. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lai_xSrxMn03_«5  (LSM)-based  cathodes  are  some  of  the  most 
widely  used  cathodes  for  high  temperature  (>800  °C)  solid  oxide  fuel 
cells  (SOFCs)  due  to  their  high  thermal  and  chemical  stability  and 
electrical  conductivity.  LSM-based  cathodes  exhibit  good  compati¬ 
bility  with  conventional  electrolyte  materials,  such  as  stabilized 
zirconia  and  doped  ceria  [1—4].  Despite  these  advantages,  LSM-based 
cathodes  are  not  a  popular  choice  for  reduced  temperature  (<800  °C) 
SOFCs.  LSM  has  negligible  ionic  conductivity  and  a  high  activation 
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energy  for  the  oxygen  reduction  reaction  (ORR),  leading  to  signifi¬ 
cantly  diminished  electrochemical  performance  at  low  temperatures 
[5-8].  Moreover,  recent  isothermal  isotope  exchange  studies  have 
demonstrated  that  oxygen  incorporation  into  the  lattice  is  the  rate 
limiting  step  for  LSM,  even  though  it  is  quite  facile  for  the  dissociative 
adsorption  of  oxygen  molecules  on  the  surface  [9,10]. 

To  overcome  this  limitation,  conventional  ionic  conducting 
phases  such  as  yttria-stabilized  zirconia  (YSZ)  and  gadolinia-doped 
ceria  (GDC)  have  been  mixed  with  LSM  leading  to  improved  elec¬ 
trochemical  performance  [2,10-16].  Thus  it  is  expected  that  dual 
phase  cathodes  with  a  higher  ionic  conductivity  phase  will  yield 
further  improvements  in  performance. 

Erbia-stabilized  bismuth  oxide  (ESB)  has  been  reported  to  have 
one  of  the  highest  known  ionic  conductivities,  1-2  orders  of 
magnitude  higher  than  conventional  YSZ  at  lower  temperatures 
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(<650  °C,  LT)  [17,18].  In  addition,  bismuth-oxides  enhance  surface 
oxygen  exchange  kinetics  [19,20]  including  charge  transfer  [21  ]  and 
dissociative  adsorption  of  oxygen  [22],  which  are  the  rate-limiting 
steps  in  the  ORR  at  the  cathode.  For  example,  isotope  exchange 
experiments  by  Steele  et  al.  resulted  in  significantly  higher  (a  factor 
of  103  at  700  °C)  surface  exchange  coefficient  (JCS)  of  bismuth  oxides 
compared  to  zirconia  [22]. 

Similarly,  electrochemical  impedance  results  of  a  bismuth- 
ruthenate  Bi2Ru207  (BR07)-ESB  composite  cathode  on  an  ESB 
electrolyte  exhibited  low  ASR  values  of  0.73  and  0.03  Q  cm2  at  500 
and  700  °C,  respectively  [23,24].  However,  bismuth  oxides  are 
unsuitable  as  a  SOFC  electrolyte  due  to  their  thermodynamic 
instability  under  the  low  oxygen  pressure  typical  of  anodic  condi¬ 
tions  [25].  In  order  to  overcome  this,  an  ESB|GDC  bilayered  elec¬ 
trolyte  was  developed  [26].  Using  this  bilayered  electrolyte  with 
a  BR07-ESB  cathode,  we  recently  demonstrated  exceptionally  high 
power  density  (~2  W  cm-2  at  650  °C)  [27,28].  These  results  indi¬ 
cate  that  cathode  performance  is  promoted  not  only  by  the  addition 
of  ESB  as  the  ion  conducting  phase  in  composite  cathodes  but  also 
by  using  an  ESB  electrolyte  at  the  cathode  interface  due  to 
improved  oxygen  incorporation  into  the  electrolyte  lattice  resulting 
in  a  reduction  of  the  cathode  polarization  losses. 

Several  studies  have  focused  on  the  utilization  of  stabilized 
bismuth  oxides  as  the  ionic  conducting  phase  in  order  to  improve 
the  performance  of  LSM-based  cathodes  at  reduced  temperature 
[29—38].  Moreover,  various  fabrication  techniques  were  used  in 
order  to  obtain  increased  triple  phase  boundary  (TPB)  lengths 
through  microstructural  evolution  [31,32,37].  Although  these 
efforts  progressively  reduced  the  cathode  ASR,  the  reported  power 
densities  of  SOFCs  utilizing  LSM-bismuth  oxide  cathodes  are  still 
relatively  low  at  lower  temperatures  (~600  mW  cm-2  at  650  °C) 
[32].  To  date,  the  majority  of  studies  of  LSM-bismuth  oxide 
composite  cathodes  have  been  conducted  on  zirconia-  or  ceria- 
based  electrolytes.  Even  though  ultra  thin  YSZ  electrolytes 
decrease  total  ohmic  polarization  losses  at  low  temperature  [39], 
a  significant  decrease  in  ionic  conduction  and  oxygen  reduction 
reactivity  at  the  cathode/electrolyte  interface  is  inevitable  due  to 
the  abrupt  change  in  ionically  conductive  phase  from  bismuth 
oxide  in  the  cathode  to  the  zirconia  electrolyte. 

In  this  study,  we  introduced  an  ESB  cathode/electrolyte  inter¬ 
facial  layer  coupled  with  an  LSM-ESB  composite  cathode.  To  gauge 
the  effect  of  the  ESB  electrolyte  on  the  cathode  performance,  the 
interfacial  resistance  of  the  cathode  on  ESB  and  on  GDC  electrolytes 
was  measured  with  symmetric  cells  by  electrochemical  impedance 
spectroscopy  (EIS).  To  investigate  the  ORR  mechanism  with  this 
cathode,  we  deconvoluted  the  impedance  spectra.  Finally,  perfor¬ 
mance  of  the  LSM-ESB  cathode  on  an  ESB  electrolyte  layer  was 
evaluated  using  an  anode-supported  SOFC  with  an  ESB |  GDC  bilayer 
via  current— voltage  ( I—V )  measurements. 

2.  Experimental 

2.1.  Sample  fabrication 

ESB  powders  were  synthesized  via  a  conventional  solid  state 
method.  A  stoichiometric  mixture  of  Bi203  (99.9995%  pure)  and 
Er203  (99.99%  pure)  from  Alfa  Aesar  was  mixed  and  ball-milled 
with  zirconia  ball  media  for  24  h.  After  milling,  the  mixed 
powders  were  calcined  at  800  °C  for  16  h.  Agglomerated  powders 
were  ground  using  mortar  and  pestle  and  sieved  through  325 
mesh.  This  ESB  powder  and  Lao.8oSro.2oMn03_<5  (LSM)  powder  from 
Fuel  Cell  Materials  were  mixed  with  the  same  weight  ratio 
(50:50  wt%).  The  powder  mixture  was  added  to  a  binder  system 
consisting  of  alpha  terpineol,  di-n-butyl  phthalate  and  ethanol  as 
binder,  plasticizer  and  solvent,  respectively. 


To  make  symmetric  cells,  both  ESB  and  GDC  (Rhodia)  electrolyte 
pellets  were  prepared  by  uniaxial  pressing  and  sintered  at  890  °C 
for  16  h  and  1500  °C  for  10  h,  respectively.  All  pellets  exhibited 
a  relative  density  greater  than  95%  of  the  theoretical  density.  The 
LSM-ESB  cathode  ink  was  brush  coated  on  both  sides  of  the  elec¬ 
trolyte  substrates  and  sintered  at  800  °C  for  2  h  in  air. 

The  fabricated  SOFC  samples  (button  cells)  utilized  an  anode- 
supported  cell  structure  with  an  ESB | GDC  bilayer  electrolyte. 
Micron-sized  NiO  (Alfa  Aesar)-GDC  (Rhodia)  (65:35  wt%)  particles 
for  the  anode-support  was  tape-cast  and  an  anode  functional  layer 
(AFL)  consisting  of  submicron-sized  NiO  (JT  Baker)— GDC  (Rhodia) 
(60:40  wt%)  particles  was  applied  via  colloidal  deposition  and 
presintered  at  900  °C.  A  thin  and  uniform  GDC  electrolyte  was 
deposited  using  spin  coating  at  1500  rpm  for  20  s.  The  spin  coating 
process  was  repeated  until  the  desired  thickness  was  obtained.  The 
multilayer  NiO-GDC|AFL|GDC  structure  was  co-sintered  at  1450  °C 
for  4  h.  Nano-sized  ESB  powder  was  synthesized  using  a  wet 
chemical  coprecipitation  method  to  establish  a  thin  and  dense  ESB 
layer  on  the  GDC  electrolyte  surface.  A  colloidal  solution  containing 
nano-sized  ESB  particles  was  spin-coated  onto  the  GDC  layer  and 
sintered  at  800  °C  for  4  h.  Detailed  fabrication  of  the  ESB | GDC 
bilayered  electrolytes  is  described  elsewhere  [40].  After  sintering 
the  ESB  layer,  the  LSM-ESB  cathode  was  brush  coated  onto  the  ESB 
electrolyte  surface  and  sintered  at  800  °C  for  2  h. 

2.2.  Characterization 

The  SOFC  microstructure,  with  the  LSM-ESB  cathode,  was 
characterized  using  scanning  electron  microscopy  (SEM,  JEOL 
6400/633 5F).  Phase  stability  was  investigated  using  X-ray  diffrac¬ 
tion  analysis  (XRD,  Philips  APD  3720).  The  interfacial  polarization 
resistance  of  the  LSM-ESB  electrodes  on  symmetric  cells  was 
measured  by  two-point  probe  EIS  using  a  Solartron  1260  with  an  AC 
voltage  amplitude  of  50  mV  over  the  frequency  range  of  0.1  MHz  to 
0.1  Hz  in  air.  To  analyze  electrochemical  performance  of  the  button 
cell,  I—V  measurements  were  conducted  with  a  Solartron  1407E 
under  90  seem  of  dry  air  and  3%  wet  hydrogen  to  the  cathode  and 
anode  side,  respectively. 

3.  Result  and  discussion 

3.1.  Phase  and  microstructural  analysis 

Compatibility  between  LSM  and  ESB  was  investigated  using 
XRD.  LSM  and  ESB  powders  were  mixed  in  a  1:1  weight  ratio  and 
annealed  at  900  °C  for  50  h.  Fig.  la  shows  the  XRD  patterns  of  the 
LSM-ESB  powder  mixture  before  and  after  annealing  indicating  no 
reactivity  between  the  two  phases  up  to  this  temperature.  In 
contrast,  ESB  is  highly  reactive  and  thus  incompatible  with 
Lao.6Sro.4Coo.2Feo.8O3  (LSCF),  which  is  a  commonly  used  cathode 
material  for  LT-SOFCs,  even  at  lower  temperature  (850  °C)  for  much 
shorter  time  (1  h)  as  shown  in  Fig.  lb.  Kharton  et  al.  reported  this 
reactivity  is  due  to  the  formation  of  a  solid  solution  by  inter¬ 
diffusion  at  the  cobaltite/Bi203-based  oxide  interface  [41  ]. 

Fig.  2  shows  the  microstructure  of  the  LSM-ESB  composite 
cathode  on  ESB  and  GDC  electrolytes  after  sintering  at  800  °C  for 
2  h.  As  shown  in  these  micrographs,  the  porous  LSM-ESB  cathodes 
were  homogeneously  mixed  and  well-deposited  on  both 
electrolytes. 

3.2.  Impedance  spectroscopy  of  symmetric  cells 

Fig.  3  shows  the  impedance  spectra  measured  under  open  circuit 
conditions  from  500  to  700  °C  with  50  °C  intervals  for  LSM-ESB|ESB| 
LSM-ESB  and  LSM-ESB|GDC|LSM-ESB  symmetric  cells.  For  direct 
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Fig.  1.  XRD  patterns  showing  compatibility  (a)  between  LSM  and  ESB  after  annealing 
at  900  °C  for  50  h  and  (b)  between  LSCF  and  ESB  after  annealing  at  850  °C  for  1  h. 


Fig.  2.  SEM  micrographs  of  LSM-ESB  cathode  on  (a)  GDC  electrolyte  and  (b)  ESB 
electrolyte.  Insets  show  the  back- scattered  images  (Light  and  dark  colors  in  insets 
represent  ESB  and  LSM  respectively.). 


comparison  of  the  electrode  ASRs  on  the  different  electrolytes,  all  of 
the  impedance  spectra  were  ohmic  resistance-corrected.  That  is,  the 
high  frequency  intercept  at  the  real  axis  of  each  spectrum,  which 
corresponds  to  bulk  electrolyte,  electrode-sheet,  and  lead-contact 
resistance,  was  subtracted  from  each  data  point. 

The  electrode  ASRs  of  the  LSM-ESB  cathode  on  GDC  at  500,  550, 
600,  650,  and  700  °C  were  10.56,  3.31, 1.11,  0.44,  and  0.19  Q  cm2, 
respectively.  This  result  is  comparable  with  the  ASRs  of  the 
LSM-yittria  stabilized  bismuth  oxide  (YSB)  cathode  on  samarium- 
doped  ceria  (SDC)  electrolytes  reported  by  Jiang  et  al.  —  1.08  and 
0.15  Q  cm2  at  600  and  700  °C,  respectively  [31]. 

However,  the  electrode  ASRs  of  the  LSM-ESB  on  ESB  were 
substantially  lower  -  4.18, 1.29,  0.43,  0.19,  and  0.08  Q  cm2  at  500, 
550,  600,  650,  and  700  °C,  respectively  compared  to  those  of 
LSM-ESB  on  GDC  electrolyte.  The  percent  electrode  ASR  reduction 
of  LSM-ESB  on  ESB  relative  to  that  on  GDC  is  shown  in  Fig.  4.  A 
constant  ~60%  reduction  in  ASR  at  all  testing  temperatures  is 
observed.  Previously  we  reported  a  similar  effect  with  a  BR07-ESB 
cathode  on  an  ESB  electrolyte  showing  a  26%  reduction  of  the  ASR 
relative  to  that  on  a  GDC  electrolyte  [28]. 

3.3.  Cathodic  polarization  mechanism 

The  activation  energy  of  LSM-ESB  cathodes  on  GDC  and  on  ESB 
was  calculated  from  EIS  data  (Fig.  4)  using  an  Arrhenius  relation¬ 
ship.  The  calculated  activation  energies  for  both  cells  were  iden¬ 
tical,  ~1.23  eV.  This  value  is  in  good  agreement  with  other  reported 
values  for  LSM-bismuth  oxide  cathodes  (1.23—1.5  eV),  which  of 
course  depend  on  microstructure  and  composition  of  the 
composite  cathodes  [29,31,33,37].  For  comparison,  the  activation 


energy  for  pure  LSM  on  a  SDC  electrolyte  is  at  the  high  end,  ~1.5  eV 
[31  ].  These  results  indicate  that  even  though  there  is  a  significant 
reduction  in  the  magnitude  of  the  ASR  from  EIS  for  LSM-ESB 
cathodes  on  ESB  vs  GDC  electrolytes,  the  apparent  overall  rate 
limiting  step  is  similar. 

The  EIS  data  were  further  analyzed  by  fitting  the  Nyquist  plots 
with  Z-plot  software  using  the  equivalent  circuit  shown  in  Fig.  5  in 
order  to  identify  the  ORR  steps  from  the  experimental  results.  In 
this  circuit,  L  is  the  inductance  from  the  apparatus  and  R0  repre¬ 
sents  the  resistance  of  the  bulk  electrolyte,  electrode-sheet  and 
lead-contact  resistance.  An  equivalent  circuit  of  (Rn-CPEn)  was  used 
to  identify  each  arc  of  the  Nyquist  plot  representing  each  electro¬ 
chemical  process  at  a  specific  frequency  range.  RH  and  RL  corre¬ 
spond  to  the  high  and  low  frequency  resistance,  respectively  while 
CPEh  and  CPEl  represent  the  constant  phase  elements  at  high 
and  low  frequency,  respectively.  An  additional  high  frequency  arc 
(Rh'-CPEhO  was  used  to  identify  the  grain  boundary  resistance  of 
the  GDC  electrolyte  at  low  temperature  (<550  °C).  The  resultant 
fittings  are  overlapped  with  the  experimental  results  in  Fig.  3. 

Fig.  6  shows  the  comparison  between  Rh  and  Ri  for  LSM-ESB 
cathodes  on  GDC  and  ESB.  The  use  of  ESB  electrolyte  versus 
a  GDC  electrolyte  primarily  impacts  the  Rh  value.  In  the  ESB  elec¬ 
trolyte  sample,  the  RhS  are  much  lower  than  with  the  GDC  elec¬ 
trolyte  cell  (Fig.  6a),  while  the  R[S  are  almost  identical  for  both 
electrolyte  cases  albeit  with  a  difference  in  activation  energy 
(Fig.  6b).  Moreover,  the  activation  energy  of  RH  in  the  LSM-ESB 
cathode  on  ESB  electrolyte  changed  from  0.25  eV  above  600  °C  to 
1.44  eV  below  600  °C.  This  is  typical  behavior  for  the  ESB  conduc¬ 
tivity  activation  energy,  due  to  an  order/disorder  transition  at 
~600  °C  resulting  in  an  activation  energy  of  ~0.65  eV  above  and 
~  1.22  eV  below  600  °C  [42].  This  indicates  ionic  conductivity  of  the 
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Fig.  3.  Impedance  spectra  of  the  LSM-ESB  cathode  on  ESB  (open  squares)  and  GDC 
(open  circles)  pellets  at  the  temperature  ranges  from  500  to  700  °C.  The  lines  represent 
the  fitted  equivalent  circuit  results  using  Z-plot  (Fig.  5). 


electrolyte  at  the  cathode/electrolyte  interface  strongly  influences 
Rh  and  has  minimal  effect  on  RL  for  the  LSM-ESB  on  ESB  cell. 

The  low  frequency  arc  is  usually  attributed  to  surface  diffusion 
and  dissociative  adsorption  of  the  oxygen  at  the  cathode  surface 
and  the  high  frequency  arc  is  usually  attributed  to  incorporation  of 
the  oxygen  ion  into  the  lattice  [37,43].  Thus  it  is  not  surprising  that 
the  impedance  component  associated  with  incorporation  into  the 
lattice  would  be  influenced  by  the  activation  energy  of  the  ion 
conducting  phase.  However,  ESB  was  used  as  the  ion  conducting 
phase  in  the  composite  cathode  for  both  samples  yet  this  change  in 
activation  energy  is  only  observed  in  the  sample  where  ESB  was 
also  present  at  the  cathode/electrolyte  interface. 

Fig.  7  is  a  schematic  diagram  of  the  ORR  at  the  LSM-ESB  cathode. 
The  overall  ORR  at  the  cathode  and  incorporation  into  the  electro¬ 
lyte  is  described  in  Kroger— Vink  notation  as: 

°2  +  2e'  +  V0  -►  Oq  electrolyte  ( 1 ) 

Although  various  ORR  mechanisms  have  been  suggested,  it  is 
generally  accepted  that  the  oxygen  reduction  at  the  cathode  can  be 


Fig.  4.  ASR  reduction  percentage  (blank  stars)  and  electrode  ASRs  of  LSM-ESB  cathode 
on  GDC  (circles)  and  ESB  (squares)  electrolytes.  The  solid  (red)  lines  show  linear  fits  of 
the  measured  impedance  data  (For  interpretation  of  the  references  to  color  in  this 
figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.). 


described  with  the  most  plausible  rate-limiting  steps  as  follows 
[44-46]; 

Step  1:  02  — ►  20ad  (dissociative  adsorption) 

Step  2:  Oad  +  e'->Oad  (charge  transfer) 

Step  3:  Oad  — > O jPB  (surface  diffusion) 

Step  4:  OjpB  +  e'-^OjpB  (charge  transfer  at  TPB) 

Step  5:  OjPB  +  V0  -►  Oo, electrolyte  (oxygen  ion  incorporation) 

Fig.  7b  and  c  aids  in  visualizing  the  simple  ORR  model  suggested 
above  at  the  LSM-ESB  cathode  on  GDC  and  ESB  electrolyte  inter¬ 
faces,  respectively.  For  LSM-ESB  on  ESB  (Fig.  7c)  all  of  the  TPBs  are 
identical.  Further,  for  LSM-ESB  on  ESB  it  is  clear  from  Fig.  6  that 
the  incorporation  reaction  at  the  LSM-ESB-gas  TPBs  is  not  rate 
limiting  (RH  <  Rl)-  Moreover,  the  impedance  results  indicate  that, 
from  change  in  activation  energy  at  600  °C,  Rh  involves  transport 
through  ESB  and  thus  does  not  distinguish  between  ESB  in  cathode 
composite  structure  and  ESB  interfacial  layer  (identical  TPBs). 

In  contrast,  for  LSM-ESB  on  GDC  (Fig.  7b)  there  are  two  different 
TPBs  near  the  cathode/electrolyte  interface  and  Rh  ~  Rl  (Fig.  6).  In 
addition,  there  is  another  impedance  at  the  ESB | GDC  interface. 
These  two  impedances  LSM-GDC-gas  and  ESB | GDC  are  greater 
than  the  LSM-ESB-gas  TPB  impedance  and  thus  overshadow  the 
ESB  ionic  conductivity  contribution  to  the  LSM-ESB  Rh  impedance. 

However  these  two  different  mechanisms  are  in  apparent  contrast 
to  the  identical  overall  ASR  activation  energies,  1.23  eV,  in  Fig.  4.  This 
can  also  be  explained  by  the  magnitude  of  the  EIS  components.  For 
LSM-ESB  on  ESB  the  magnitude  of  Rl  dominates  over  the  tempera¬ 
ture  range  investigated,  indicating  oxygen  adsorption,  dissociation, 
and/or  surface  diffusion  are  rate  limiting  steps.  Moreover,  the  acti¬ 
vation  energy  for  Rl  is  1.26  eV,  which  is  comparable  to  overall  ASR 
activation  energy  of  1.23  eV. 


Fig.  5.  Equivalent  circuit  used  for  fitting  Nyquist  plots. 
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Fig.  6.  Arrhenius  plots  for  resistance  of  LSM-ESB  cathode  on  GDC  and  ESB  electrolytes 
at  (a)  high  frequency  (RH)  and  (b)  low  frequency  (RL). 


In  contrast,  for  LSM-ESB  on  GDC  the  magnitude  of  Rh  and  Ri  is 
essentially  the  same  over  the  temperature  range  investigated,  with 
Rh  having  an  activation  energy  of  1.30  eV  and  RL  having  an  acti¬ 
vation  energy  of  1.15  eV.  Since  the  magnitudes  are  essentially  the 
same  neither  component  is  rate  limiting  over  this  temperature 
range  and  the  apparent  activation  energy  is  the  combination  of 
these  two  components.  In  fact,  averaging  these  two  activation 
energies  results  in  1.23  eV  which  is  the  observed  apparent  overall 
ASR  activation  energy. 


3.4.  SOFC  performance 


Fig.  7.  Schematic  diagrams  of  (a)  overall  ORR  at  LSM-ESB  cathode  with  GDC  elec¬ 
trolyte,  (b)  an  ORR  model  at  the  cathode  (LSM-ESB)/electrolyte  (GDC)  interface,  and 
(c)  at  the  cathode  (LSM-ESB)/electrolyte  (ESB)  interface. 


SOFC  after  testing  is  shown  in  Fig.  8a.  The  thin  ( ~  2  pm)  and  dense 
ESB  electrolyte  is  shown  between  the  GDC  electrolyte  and  LSM-ESB 
cathode.  I—V  curves  of  the  cell  with  LSM-ESB  on  ESB | GDC  at  the 
temperature  ranges  from  450  to  650  °C  are  shown  in  Fig.  8b.  The 
maximum  power  densities  (MPDs)  were  88,  185,  343,  667,  and 
1013  mW  cm-2  at  450,  500,  550,  600,  and  650  °C,  respectively. 


I-V  measurements  were  conducted  on  anode-supported  button 
cells  in  order  to  investigate  the  effect  of  LSM-ESB  cathodes  coupled 
to  an  interfacial  ESB  electrolyte  layer  on  actual  SOFC  performance  at 
lower  temperatures.  An  ESB |  GDC  bilayered  electrolyte  cell  was 
utilized  due  to  the  thermodynamic  instability  of  the  ESB  electrolyte 
at  low  Pq2  conditions  [27].  The  cross-sectional  SEM  image  of  the 


3.5.  LSM-ESB  cathode  performance  comparison 

A  comparison  of  the  cathodic  ASR  of  LSM-ESB  cathodes  and 
several  LSM-based  cathodes  with  various  electrolytes  from  the 
literature  is  shown  in  Fig.  9.  Compared  to  the  LSM-GDC  cathode  on 
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Current  Density  (A  cm  2) 


with  LSM-ESB  dramatically  reduced  the  cathodic  ASR 
( —  0.4  Q  cm2)  by  —  17.5  x  compared  to  LSM-GDC  on  YSZ.  This  result 
clearly  shows  the  effect  of  an  interfacial  ESB  electrolyte  on 
enhancing  cathode  performance  due  to  improving  the  oxygen 
incorporation  rate.  It  is  also  noted  that  our  LSM-ESB  cathode 
fabricated  using  solid-state  synthesis  and  hand-mixing  on  the  GDC 
electrolyte  shows  a  comparable  resistance  (e.g.,  ~1  Cl  cm2  at 
600  °C)  compared  to  other  LSM-bismuth  oxide  cathodes  on  ceria 
or  zirconia  based  electrolytes  (e.g.,  -0.9  Cl  cm2  at  600  °C)  although 
others  used  tailored  microstructures  with  nanoscale  bismuth 
oxides  and/or  LSM  using  wet  chemical  methods  [29]  or  an  infil¬ 
tration  process  [31,34]. 

A  comparison  of  MPDs  for  SOFCs  with  various  LSM  cathodes  at 
low  temperatures  (450—650  °C)  is  shown  in  Fig.  10.  The  SOFC  with 
our  LSM-ESB  cathode  coupled  to  the  interfacial  ESB  electrolyte 
layer  shows  the  highest  MPD  for  all  temperatures.  This  result 
further  demonstrates  that  the  effect  of  the  ESB  electrolyte  on 
LSM-ESB  cathode  polarization  losses  directly  influences  the  SOFCs 
performance  at  LT,  yielding  a  high  maximum  power  density  of  over 
1  W  cm-2  at  650  °C.  Moreover,  the  enhancing  effect  of  the  ESB 
electrolyte  on  LSM-ESB  performance  is  even  greater  at  low 
temperatures.  Cathodic  polarization  losses  are  larger  at  lower 
temperature  due  to  its  thermally  activated  nature  [5].  Therefore, 
the  beneficial  effect  of  the  ESB  electrolyte  layer  on  cathode 
performance  is  emphasized  when  using  LSM-ESB  cathodes  for  low 
temperature  SOFC  application.  To  our  knowledge,  the  obtained 
MPDs  at  the  temperatures  from  450  to  650  °C  are  the  highest  for 
any  SOFCs  using  any  LSM-based  cathodes  reported  to  date. 
Furthermore,  this  LSM-ESB  cathode  on  an  ESB  electrolyte  can  be 
expected  to  produce  much  higher  power  density  through  optimi¬ 
zation  of  the  cathode  microstructure  as  well  as  the  bilayer  elec¬ 
trolyte  thickness  and  overall  thickness  ratio  [47]. 


Fig.  8.  (a)  SEM  images  of  cross-sectional  view  and  (b)  I-V  characteristics  at  various 
temperatures  for  a  SOFC  with  LSM-ESB  cathode  on  ESB|GDC  bilayered  electrolyte. 


YSZ  electrolyte  studied  by  Murray  et  al.  [12],  LSM-bismuth  oxide 
cathodes  on  ceria  or  zirconia  based  electrolytes  show  -  7  x  lower 
ASR  at  600  °C  ( —  1  Q  cm2  vs  —  7  Q  cm2),  indicating  that  the  addition 
of  the  faster  ionic  conducting  phase  into  the  cathode  significantly 
reduces  cathode  polarization.  Furthermore,  use  of  ESB  electrolyte 


3.6.  Stability 

Long-term  electrode  ASR  stability  of  the  LSM-ESB  cathode  on 
ESB  was  measured  using  EIS  at  open  circuit  conditions  (Fig.  11 ).  The 
cathodic  polarization  of  an  LSM-ESB|ESB|LSM-ESB  symmetric  cell 
at  700  °C  did  not  show  any  measurable  degradation  after  100  h, 
while  the  previously  reported  Ag-ESB  cathode  on  the  same  ESB 
electrolyte  showed  significant  decay  at  650  °C  [48].  This  result 
indicates  relatively  high  stability  of  the  LSM-ESB  cathode. 
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Fig.  9.  Comparison  of  ASR  for  LSM-based  composite  cathodes  with  various  electro¬ 
lytes.  [a],[b]  -  [12],  [c]  -  [29],  [d]  -  [33],  [e]  -  [34],  [f]  -  [31]. 
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Fig.  10.  Comparison  of  maximum  power  density  of  SOFCs  using  LSM-bismuth  oxide 
based  composite  cathodes  at  temperatures  from  450  to  650  °C.  [a]  -  [32],  [b]  -  [31  ],  [c] 
-  [37],  [d]  -  [33],  [e]  -  [36],  [f]  -  [31]. 
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Fig.  11.  Long-term  stability  results  for  LSM-ESB  cathode  on  ESB  electrolyte  at  700  °C 
for  100  h  in  this  study  (squares)  and  Ag-ESB  cathode  on  ESB  electrolyte  at  650  °C 
reported  by  Camaratta  et  al.  (triangles)  [48]. 
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Fig.  12.  Potentiostatic  results  at  650  °C  for  long-term  stability  of  a  SOFC  with  the 
LSM-ESB  cathode  on  the  ESB/GDC  bilayered  electrolyte. 


The  stability  of  SOFC  performance  with  an  LSM-ESB  cathode 
coupled  to  an  ESB/GDC  bilayer  electrolyte  at  650  °C  with  90  seem  of 
hydrogen  (3%  H2O)  and  dry  air  at  anode  and  cathode,  respectively, 
was  determined  potentiostatically  under  an  applied  voltage  of 
0.32  V  (corresponding  to  MPD)  as  shown  in  Fig.  12.  The  high  power 
density  of  ~1  W  cm-2  was  retained  for  200  h,  further  indicating 
high  stability. 

4.  Conclusions 

Conventional  high  temperature  LSM  cathodes  were  prepared  for 
low  temperature  SOFC  application  by  pairing  LSM  with  ESB  in 
a  composite  cathode.  Due  to  the  enhanced  oxygen  ion  incorpora¬ 
tion  rate  at  the  cathode/electrolyte  interface,  the  interfacial  ASR 
of  LSM-ESB  cathodes  on  an  ESB  electrolyte  was  significantly 
reduced  compared  to  that  of  the  same  cathode  on  a  GDC  electrolyte. 
Using  an  anode  supported  SOFC  with  the  LSM-ESB  cathode  on 
an  ESB | GDC  bilayered  electrolyte,  the  MPD  produced  at  650  °C 
was  ~1013  mW  cm-2,  which  is  the  highest  reported  MPD  at  this 
moderate  temperature  to  date  for  any  SOFCs  using  LSM-based 
cathodes.  This  study  demonstrated  that  the  performance  of 
LSM-ESB  cathodes  is  dramatically  improved  by  the  use  of  ESB 
electrolytes  and  is  promising  for  development  of  SOFCs  which 
operate  at  low  temperatures. 
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